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EFFECT OF TURBINE BLADE COOLING ON EFFICIENCY

OF A SIMPLE GAS TURBINE POWER PLANT

by

W. H. Rohsenow*

The efficiency of a simple gas turbine cycle can be

increased by designing it to operate at higher turbine inlet temp-

eratures: however, the extent to which this temperature can be in-

creased depends upon the ability of the metal of the turbine to withstand

the high temperatures without deterioration. Uncooled turbines have been

run for reasonable lengths of time at inlet temperatures of 1500 F, but

such turbines must employ expensive and often comaercially unavailable

materials. The less expensive and more available materials are limited

to operation with inlet gas temperatures of around 1000 F.

In order to operate these turbines at higher temperatures it

is necessary to cool the blades and possibly the casing and rotors in

the earlier stages until the gases are reduced to a value between 1000 F

and 1500 F depending on the kind of metal employed. Various methods

of cooling turbine blades have been investigated by the NACA and published

in various unclassified technical reports since 194,7. A survey of some

of this work is presented by Ellerbrock (1).

The present work is an investigation of the effects of blade

cooling on the thermodynamic performance of a simple gas turbine plant

shown in fugure 1. This study is of the nature of an exploratory study

to show general trends. Because the analysis is not limited to a

particular design of gas turbine its results are in a sense qualitative

* Associate Professor of Mechanical Engineering, Massachusetts Institute
of Technology, Cambridge, Massachusetts.
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but show definite trends. Three design aituations are investigated. With

currently available metal alloys gas turbines can be expected to be oper-

ated uncooled at temperatures around 1500 F. With ordinary steels re-

quiring only readily available material they can be operated at temper-

atures around 1000 F. In the region where the geses exceed these

temperatures the turbine must be cooled. Hence in this analysis the

turbine is considered to have two parts - A, a cooled part, and B, an

'uncooled part, figure 1. The turbine is cooled until the temperature Ti

is reached along its condition curve. The magnitude of Ti depends upon

the kind of metal used in the turbine construction.

The following three conditions were investigated for the effect

on thermal efficiency and specific air consumption for turbines with an

infinite number of stages:

1) Ti = 1500 F5 T3 varying

2) Ti = 1000 F, T3 varying

3) Ti = varying, T3 = 1500 F.

Also the effect of finite number of stages was investigated for condition

(1) and (2) above.

For this analysis the compressor efficiency was assumed to be

85%, and the turbine polytropic efficiency (efficiency of an infinitess-

inal stage) was assumed to be 88% for both the cooled and uncooled portions

of the turbine and for a turbine Ath a finite number of stages the stage

efficiency was assimed to be 85%. Hawthorne (3) showed that the difference

in' Pfor a cooled and an uncooled stage was probably of the order of 1

to 2%, changing slightly with Mach number and type of stage. The actual

turbine efficiency for the uncooled part of the turbine was calculated

from

'*,ere V--j veheat factor (2) is given by
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pk-

Skl-rB k (2)

- kI

For the cooled portion of the turbine Appendix B shows that eq-

uations (1) and (2) would apply if p and rB in these equations

are replaced by f q and rA where

WA 0

assuming Q/WA is uniform along the length of the cooled portion.

Sample results of calculation employing these equations

along with the Gas Tables (5) are shown in figure (2) for Q/W
A

0.1 and 0.3 in the cooled part of the turbine. In each of these

curves the turbine was cooled to T= 1500 F. Of course, when Tg

= 1500 F there is no cooling in the turbine. Curves similar to

these were calculated and drawn to investigate the various condi-

tions listed in the preceding section. A sample calculation is

shown in Appendix A.

In order to interpret the results of these calculations

it is necessary to investigate how Q/WA changes as the design value

of T3 changeo. The required amount of cooling, bence A, n-

creases as Ts iS assumed higher because the rate of heat transfer

increases with the difference between gas and metal temperature.

The folloing approximate analysis is made to aid in this interpret-

ation.

The maximu= work per stage of infinite staged turbine or

best efficiency of a singl stage turbine is obtained when the mag-

nitude of the tern

(,4)



is approximately K1 = 4 for impulse bladinb and K1 = 2 for reaction

blading (ref. 6, A-tual values will be slightly less than these.

An approximate relation for the heat transfer per lb. of

fluid flowing in a cascade of blades is shown in Appendix C to be

Q = Cp (T - T ) (5)

or approximately twice this value for a turbine stage. This rela-

tion assumes the Reynolds analogy between friction and heat transfer

to exist.

Then dividing eq. (5) by eq. (4) an expression for Q/W for

a stage can be written as_ o, =2 o(To ,- .T /2_ 1)

" K, (uO/2goJ) (6)

If all stages of a multistage turbine have the same vel-

ocity diagram the enthalpy drop (and hence temperature drop) per

sitage of an uncooled turbine is uniform throughout the turbine.

Then the temperature varies nearly linearly with axial distance for

a uniform blade width for all stages. This is also approximately

true for a cooled turbine. If the blade temperature in the first

part of the turbine is to be maintained at TW = 1500 F to a point

where the gas temperature is Ti = 1500 F, then the heat transfer

rate will vary linearly with axial position for this part of the

turbine. To obtain an average value of Q/AA, the temperiture T. may

be interpreted as the mean value between T3 and TW (or Ti). Then

o= -(T 3 + Ti) (7)
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Consider an impulse stage with F= 0.08 and u = 1000 ft/sec.,

then (QAA) (T. - Tw) = 0.000275 from eq. (6) with C = 0.27 Btu/

1 F. For Q4 A = 0.1, (To - T) = 363.5 F; then from equation (7)

with Tv = 1500 F, T3 = 2227 F, point M figure 3. A series of such

points is plotted on figure 4 resulting in the solid lines represent-

ing the attainable efficiency with blade cooling for an impulse stage

with = 0.08 and u = 1000 ft/sec.

Continuing this type of calculation for various values of u

and r. for both reaction (K1 = 4) and impulse (K3 = 2) stsges results

in the curves of figures 3 through 12. The effect of cooling on, cycle

efficiency and specific air consumption is shown for maximu= effic-

iency points and also for points at r = 15.

The preceding results were for a turbine having an infinite

number of stages. In actuality these results have neglected the

effect of the leaving loss normally associated with turbines having
4

a finite number of stages. To investigate the effect of the leaving

loss associated with turbines having finite size stages the calcul-

ation proceeds in the same manner as before except that the reheat

factor for the uncooled turbine is calculated frci (ref.2)

1 k-i '7 k-l

- Sk 1.j -- (8)

U B NI
For a cooled turbine an analysia similar to that in &ppendix B

will show that equation (8) is valid if 7p is replaced by q and

B /?4A
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In the finite stkged turbine calculations the stage effic-

iency was selected as 85%. Then to above and

are found from the following relations (Appendix D)

(Uncooled) -St -
1

(Cooled)

Also for a turbine with a finite number of stages there will

be a "leaving lose" associated with the velocity of the gas leav-

ing the last stage. If the blade speed is selected to cause

this leaving leaving velocity to be in the axial direction and if

the axial velocity is assumed to be uniform throughout the turbine

the kinetic energy of the leaving gas for impulse stages will be

approximately

V 4h~ Sine- -- - -- ----- (9)
2 goJ N

since the nozzle velocity neglecting frictional effects Is given

by Y'2g 03 Ah1, and &h,, =.ht/N and V auial =Vn sin This

kinetic energy must be subtracted from the turbine work calculated

by neglecting the leaving loss in order to obtain the turbine with

a finite number of stages.

Tle results are shown in figures 13 and 14 showing the effects

on cycle efficiency of magnitudes of T3a Ti, H and o" For each

point on these curves the blade speed was taken as

UtI cop 12g., , h / N ........ (10)

which is the approximate relation required to have an axial leav-

ing velocity.
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Discussion of Results

The values of efficiency plotted in figures 3 through 6 are

the maximum efficiency points of curves similar to those of figure

2. The dashed lines represent constant QA/A T3 values. From eq-

uations (6) and (7) values of 0/WA associated with a value of T3

may be obtained. Then the heavier solid curves of figures 3 through

6 may be drawn showing the effects of and u.

A reasonable design value for u is around 1000 ft/sec and a

reasonable value for t to obtain/)" = 0.88 is probably in the

ranbe 0.05 - 0.08. The effect of changes in the ma~iitude of pro-

file loss factor on tae value of'o is not great since the pro-

file loss is only 1/3 to 1/2 of the stage loss factor. From fig-

ures 3 and 5 it appears that with Ti = 1500 F it is unprofitable to

raise the design inlet temperature of a cooled reaction turbine

beyond 2000 - 2500 F and of a cooled impulse turbine beyond 3000 F.

Here it was assumed that only the blades (rotor and stator) were

cooled. Af any- part of the casing is also cooled or if the value of

o is higher than 0.05 - 0.08 the peak of these efficiency curves

would be at lower values of Ty

The cycle -efficiency employing the uncooled turbine with T

1500 F is about 35%. With cooling it appears possible to attain

efficiencies in range 40 - 45% by raising T3 to values in the range

2500 - 3000 F. Simultaneously the specific air consumption decreases

as shown in figure 8 and the pressure ratio at maximum cycle effic-

iency rises from around 15 to around 50 or 60, This reduction in
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specific air consumption results in smaller turbine and compressor

diameters, but the larger pressure ratios require more stages and thickcer

casings and piping. Because of this it might be desirable to avoid

the use of high pressure ratios; so curves for cycle efficiency and

air consumption were prepared for a pressure ratio of 15 in figures

7 and 8. Under these conditions it appears undesirable to use T3 be-

yond about 2000 F with an unimpressible rise in efficiency from 35%

only to about 38 - 39%.

Figures 9 and 10 are drawn for Ti 1000 F and are similar to

figures 3 and 7 which were drawn for Ti = 1500 F. These curves are

applicable to a cooled turbine constructed of less expensive and
more readily available material. Of course the cycle with an un-

cooled turbine at T3 = 1000 F has much smaller efficiency 23%)

than with T3 = 1500 F 35%). However, when a cooled turbine is

employed with Ti = 1000 F and T3 raised to 2500 - 3000 F the cycle

efficiency is again in the range of 40 - 45%, not very much less than

the cycle with a cooled turbine with Ti M 1500 F. Similarly if r

15 and T is alloved to take on a value of 2000 F an efficiency of3
about 36% is obt4.ined which is only a few p.r cent less th,!n attain-

able values at r = 15 and T3 = 2000 F with Ti 1500 F. Figures 1i

and 12 were drawn to show the effect of Ti on cycle efficiency with

T = 1500 Y.
3

The effect of the leaving loss associated with a finite staged

turbine is shown in figure 13. The upper curve of each set is for the

uncpoled turbine and shows a decreasing efficiency as number of

stages is decreased. This is due to the increased Oleaving loss" as

number of stages is decreased. For the cooled turbine the efficiency
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passes through a maximum value for some finite number of stagesI
because as the number of stages increases the effect of the heat

loss 1eomes greater and offsets the effect of the decreasing

leaving loss. Furthermore the point of maximum efficiency occurs at

a smaller number of stages as the turbine inlet temperature is raised

since the heat transferred increases with T3 for a fixed Ti. From

the curves of figure 13 it is observed that the cycle efficiency

change is less than 1% for cooled turbines .'rg numbers of stages

in the range of 2 to 10 for the cycle conditions investigated.

Figure 14 shows that the effect of different Values of loss

factor A on the cycle efficiency. It is observed that the cycle

efficiency curves level-off as turbine inlet temperature increases.

In this analysis it has boen assumed the blade temperatures

selected could be obtained. Inherent in any liquid or gaseous

coolant system for cooling the blades there would be an energy1o

loss associated with circulating and cooling the coolant. 7he

effect of this would be to flatten the efficiency vs inlet taMp-

evature curves more than those shown in the present results. The

actual energy loss associated ith the coolant oyStea depends on

the particular design of this system. Tile abW.-atc M4ia ture of

o ale efficioncy will depond on tlo detailed design of the cool-

ant system; nevertleless the results of this arnlysis are valid

for comparison purposes.

U



The remats of this analysis suggest that the real value of

blade cooling is associated with turbines constructed of less ex-

pensive and more readily avbilable materials. Turbines with design

inlet temperatures of 2000 - 2500 F requiring cooling to 1000 F can

obtain cycle efficiencies within 1 or 2% of those obtained by turbines

reLuiring cooling to 1500 F but designed with inlet temperature in

the same rantge of 2000 - 2500 F.
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0 Rate of flow -or uit cross-oectional aroa, lbAr.ft3

J 778 ft.lb/Btu.

Defined in equation (4).

N N,~ ber of stcages I a turbine.

P Wetted-perimeter for flow through the blade passage.

0/WA Heat transfer to cooled blades per unit turbine work.

Q Hea.t transferred to cooled blade per lb. of fluid.

S Cross-sectiow-I area for flow th1rough blade passage.

Ti  nxdt temperature of turbine part A.

TO  Stagnation tmiperature.

Tv 'dll temperaturwe taken equal to T.).

Vaxial Axial velocity leaving last stage

Velocity of jet leaving turbine stage nozzle blades.
WA Work per lb. of fluid done by cooled part of turbine.

WA Work per lb. of fluid done by uncooled part of turbine.

WB
Wc; Compressor work per lb. of fluid.

WT Turbine work per lb. of fluid.

(WT-W 0) Cycle net work per lb. of fluid.

a Specific heat at constant pressure, Btu/ilb F.P
0 32.2 lbaft/lbf sec2 , conversion factor.

h enthalpy. Btu/lb.

hI fnsMVdifM e across a turbine

hss  Isentropic enthalpy difference across a stage.

r Pressure ratio, less than unity

FA  Pressure ratio across cooled part of turbine, p1/ps

Pressure ratio across uncooled part of turbine, p4/p i

U Blade speed, ft/sec.

oC Surface coefficient of heat transfer, Btu/hr ft 2 F.
Joso factor defined by equation (C-4j of Appvndix.

Nozzle angle.
p Profile loss factor.

Cycle efficiency.

.7Compressor efficiency.

Stage efficiency of a finite turbine stage.

Turbine efficiency

Polytropic turbine efficiency (efficiency of an infinitesimal stage)

-q=P(l + QAA) for a cooled part of turbine (reference 4),

pr Relative pressure as used in reference 5.

Reheat factor.
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S ampe Calculation

(a) Compressor Works Ti = 5200 R c 0.5 r 10

From Gas Tables: (5) h1 = 124.27, p r = 1.2147

then p r = 12.147 and h 2 = 240.14

So w0 = (h2 s - h14 = 136.-32.
(b) Turbine ork: T3  24600 R, p = 0.8, r = 10, ATA  0.2, Ti  190oR

(1) Cooled Part
WA h3 -hih- Q - h

!'A = h307.3

From the Gas Tables : h3 = 634.34, hi = 493.64, Pr= 4073
A 6s'44 493.64 = 117.25

"A 1.2

Now h is bas to be found by trial and error:

"'A p A(h3 - his)

Assumeq A = 1 then a-?roidn.te~y h. h s -

hi = 634.34 - 1. = 501.10

Gas tables give approximate pris = 169.5

pra/pris = 2.40

Fro equations (2) nd (): 9 = (1 .S3.2) = 1.056

This value and r --2.40 give A = .9927

This gives a new value of his, namely

h V111 4~ 2 7) 500.13
is hf- = 6300-.8).97

Repeating the above procedure gives p 2.42 r, and

the same value of A as above.

(2) Un,%ooled part, WB

pri/pr4 = rA 10/2.42 = 4.13

F-or = 88 and pressure ratio 4.13

q = T.1.0223

4s Prj/pr4 4.13

From Gas Tables h4 = 333.45



wB = pq B (hi - h4,) =(8) (1.0223) (493,,64 - 333.45) 1-4.12

wT = WA + WB - 261 .37

(c) Heat added Qi, = h3 - h, - W= 373.75

(d) Cycle Efficiency W T- -. wc  =33.5
Qiri



APPFWIX B

Derivation of Eciuations (2) & (3) for a Cooled Turbine

of Iinite Stages.

A stage efficiency for the cooled part of the turbine with an in-

finite number bf stages may be defined as (reference 4)

- - - - - - - - - - - --- (B-1)

neglecting kinetic changes across the stage. Also for the cooled turbine

a pocytrapioe ficiency may be defined an

-3 - - - - - (B-2)
p Ah

Then dividing one of these by the other

P~l(B-..3)

which is equation (3).
For an infinites3imal stage

W +(LC'+8Q)= I q dhas ~v dP - - - - )
since for at isentropic process dhs- v dp

Substituting C d T for dh and RT/p for v in equation (B-4) and
p

integrating. between any two points, m and n, alonG the condition curve

of the turbine

k.q k
( )--- - - - - -- - -(B-5)Tn

The reheat factor for a cooled turbine with an infinite number of
stages is defined as

Then substituting equation (B-5) into (B b6)

- ---. (7)

which is the same fozni as eq. (2) with replaced by 7qand rB by rA.



Derivation of Ziuation (5)

Hawthorne (3) suggests the following approxlnate analysis for de-

termining the heat transfer per lb. of fluid floving across a turbine

blade row.

The Reynolds analogy relating momentum trensfer and heat transfer

is

CpG 2 (C-)

An energy balance for an element of length dx along the blade surface

in the direction of flow is

dq =OC P(Tv - TO)dx= SG CpdT - - - - - - - - - (C-2)

Substituting eq(C-l) into eq(C-2) and integrating between points 1 and

2 at inlet and outlet of the blade passage results in

T TV C

Defining a loss factor ro byrL
-o dx --- 

Then since the heat transferred per lb. of fluid is

Q = Cp (To - T ) ----.------ (C-5)

eq(C-3) wiith equations (G-4) and (C-5) beoom

Q Cp (T vp J/~l --- -- --- (C-6)

sioih is eq. (5).
For iow Maah number and for the case in .*ich (P/8) does not vary

along the flow path.. Hawthorne (3) Shows that 1. 1 the profile loss
factor, This would correspond to the case of ipulse b.ading. For

reaction bladinG and nozzleshavlng decreasing area in the direction of

gas flow and for values of Idach number ;reater than zero. Ip becomes less

than For marea)ratio of13and a Madh borof 0.5 and' t
0.08, 0.34 (rof.3).



APPEDIX 0 (Continuation)

It is probable that the profile loss factor forzaction blades

is smaller than that for impulse blades; hence, 0 may not be much

different for the two types of bladine. I-ore experimental information is

is needed to detenmine values of to be used in this analysis. In

the absence of raore precise infozmation 0 may be asslumed to be the

same for both types of blading.

I



Redmwon o, Bauations (9) and (lo)

The definition of stage efficiency is

if the difference between the kinetic energy of the gases entering

and leaving the stage is negligible. Then

op(AT t.)
s (3. + w =- -D-2I;)

Assu ing equal pressure ratio per stage and the condition curve

equation (B.-3) defining equation (D)-2) becomnes equation (10).

Then if Q/W' is zero (uncooled stage) $ ?Iq fa equation (B-3)

and equation (10) reduces to equation (9).

I

-9-- - - I
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Figure 8 Specific air consvmption versus T3 . Impulse stooges with
u = 1000 ft/sec, o= 0.05 - 0.08 and Ti = 1500 F.

Figure 9 i*-intn cycle efficiency versus T3 at various values of')o.
Impulse stages with u = 1000 ft/sec and Ti = 1000 F.

Figure 10 Cycle efficiency at r = 15 versus T3 at various values
of Jo. Impulse staaes with u 1000 ft/sec and Ti = 1000 F.

Figure 11. "sxrmun cycle efficiency versus T, at various values of .
Impulse stages with u 1000 ft/sec and T3 = 2500 F.

Figure 12 Cycle efficiency at r 15 versus Ti at various values of'0.
Impulse stages 'with u 1000 ft/sec and T3 = 1500 F.

Figure 13 Effect of Finite Dumber of Stages on Cycle Efficiency for
rmpulse Stages with 0  0.08

Figure 14 Effect of' T and on Efficiency of a Cycle ith a Turbine

of Three Impulse Stages. and Pressure Ratio of 4-.
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